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ABSTRACT

Several possible atmospheric models are investigated based on data
from the radio occultation experiment, and one is shown to be more likely
than the others. Profiles in height of the constituent number densities,
electron number density, temperature, pressure, and mass density are de-
rived. The analysis indicates that Mars has a tenuous carbon dioxide
lower atmosphere with a temperature of about 180 °K near the surface,
and an atomic oxygen upper atmosphere with a temperature of only about
80 °K. Frozen carbon dioxide particles may be an almost permanent fea-
ture of the atmosphere at intermediate altitudes. The main daytime
ionospheric layer has its peak density at 120 km, and is most likely a
Bradbury (F2) layer with the principal ion (0') being lost through
O+ + 002 - 0;.+ CO. The atmospheric mass density decreases nearly ten
orders of magnitude from the surface to the base of the exosphere at 140
km, thus remaining several orders of magnitude below the density of the

earth’'s atmosphere at corresponding altitudes despite the lower gravity.
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I. INTRODUCTION

The Mariner IV occultation experiment provided new and precise data
relative to important properties of the atmosphere of Mars. The experi-
mental results have been presented in several preliminary publications,
together with a physical description of several basic properties of the
lower atmosphere and the ionosphere [Refs. 1-3]. 1In addition, initial
model studies of the atmosphere are discussed by Fjeldbo et al [Ref. 4]
and by Johnson [Ref. 5]. 1In the present paper we consider in greater
detail the possible dominant physical and chemical phenomena in the
upper atmosphere and ionosphere in an attempt to derive a more defini-
tive model for the Martian atmosphere. While several possible models
are considered, one appears to be more probable than the others based on
present information about the critically important rate coefficients for
ion loss processes,

The initial results on atmospheric and ionospheric properties as
deduced from the occultation experiment were surprisingly different than
had been anticipated based on previous work, The model studies, however,
indicate that the occultation results for the lower atmosphere and the
ionosphere exhibit a degree of self-consistency which tends to substan-
tiate the basic correctness of the interpretations. While much more
work should be conducted on data analysis and atmospheric model studies,
it seems clear that the following salient characteristics of the atmo-
sphere of Mars have been well established:

1. Mars has a tenuous atmosphere. For example, the molecular number

density near the surface is only about 0.8 percent of that of the
earth, and corresponds to an altitude of about 34 km on earth.

2. Carbon-dioxide must be the principal atmospheric constituent in
order to explain both the occultation and spectroscopic measure-
ments. This suggests that the atmosphere was formed primarily by
outgassing of the planet,

In addition, the model studies discussed here suggest that:
3. The carbon dioxide is dissociated between 70 and 80 km by solar
ultraviolet radiation, and the COz, CO, and O are distributed in

the upper atmosphere by diffusion. Thus atomic oxygen is the
principal constituent above about 90 km.
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4. The principal ion in the main daytime ionospheric layer (a Bradbury
layer, like the F2 region on earth where the profile above the
peak is controlled by ambipolar diffusion) is O', and the critical
reaction for its loss is probably ot + COy 02*+ CO.

5. The atmosphere of Mars is very cold at all altitudes, the tempera-
ture being about 180 °K near the surface (at the time and place of
the immersion occultation measurement) and about 80 °K at iono-
spheric heights. Between these height regions it is even colder,
the temperature being at or below the freezing point of CO, with
frozen CO, particles probably being an almost permanent feature of
the atmosphere.

6. Because of the low temperature, the atmosphere of Mars is confined
near the planet (the exosphere begins near 140 km, where the atomic
mean-free-path equals the scale height), and the height profile of
atmospheric mass density is several orders of magnitude below that
of the earth at all heights even though gravity is 62 percent lower
on Mars. Thermal escape of the atmosphere is now insignificant,
although loss due to action of the solar wind may play an important
role in the continuing evolution of the atmosphere.

The work reported here and the earlier results of Fjeldbo et al
[Ref. 4] agree with certain important features of the model developed by
Johnson [Ref. 5] which follow from his independent identification of the

+
ionosphere as a Bradbury layer having O as the principal ion. Our work
differs from Johnson's, however, with regard to the critically important
reaction and rate coefficient for the loss of oxygen ions in the main
ionospheric layer, with the result that there are several important dif-

ferences in our conclusions about the density and temperature profiles.

These and other differences are discussed in the final section.
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I1. THE LOWER ATMOSPHERE

By way of review of previous publications, Table 1 summarizes the
results for the lower atmosphere as obtained from the measurements made
during immersion of the spacecraft into occultation [Refs. 1-3]. 1In the

table case (a) is for 100 percent CO while case (b) is for 80 to 100

2’
by number density and the rest is N

percent CO and Ar in any ratio.

2
While the relative abundances of C02, N2,
other results shown in the table follow directly from the atmospheric

2
and Ar are assumed, all of the

refractivity and scale height measured near the surface of Mars. The

predominance of carbon dioxide in these models was chosen because the

TABLE 1. SUMMARY OF PRELIMINARY RESULTS
FOR THE LOWER ATMOSPHERE OF MARS

1. Location Immersion was over Electris at
50 deg S latitude, 177 deg E
longitude, local time 1 p.m.,
winter, solar zenith angle

67 deg
2. Surface Refractivity 3.6 £ 0.2 N-units
3. Surface Scale Height 9+ 1 km

4, Surface Number Density

7
(a) all co,, 1.9 + 0.1 x 10 mol/cm3
(b) up to 20 percent N2 and/or Ar | 2.1 £ 0.2 X 1017 mol/cm3
5. Surface Mass Density
(a) all co,, 1.43 + 0.10 x 107° g/cm3

(b) up to 20 percent N, and/or Ar | 1.50 .15 x 107° g/cm3

I+
o

2

6. Temperature Near Surface

o]
.
]

)—.\
e ¢}
(@]
1+
[\
<

(a) all co,

(b) wup to 20 percent N, and/or Ar | 175 * 25 °K
7. Surface Pressure
(a) all co, 4.9 £ 0.8 mb

(b) up to 20 percent N and/or Ar | 5.1+ 1.1 mb

2
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total surface pressure obtained from the occultation experiment is then
in best agreement with spectroscopic observations of Mars [Refs. 6-9].

The main uncertainty in these results is the height of the occulting
surface feature above the mean surface. Another source of error which
has been suggested is dust suspended in the atmosphere. These two effects
would act in opposite directions, but only the altitude effect, amounting
to a 1 percent change in number density per 90 meters of height, is
thought to be of possible significance.

Ionization near the surface of Mars could also cause errors. How-
ever, even during abnormal blackout in the earth's polar atmosphere, the
electron number density apparently does not exceed 103 cm T at the density
level corresponding to the Martian surface conditions [Ref. 10]. Using
103 cm-3 as an upper limit to the surface electron density at Electris
during the measurement, one finds that this effect would increase the
number density given in the table by less than 0.3 percent.

The number density scale height deduced from the immersion data
appears to be constant with altitude at least up to about 30 km [Refs.
1-3]. This result seems reasonable also on theoretical grounds, since
radiative exchange considerations show that the temperature lapse rate
in a carbon dioxide atmosphere should be relatively low in winter at high
latitudes [Ref. 11], which corresponds to conditions during immersion.

The emersion measurements over Mare Acidalium in the northern hemi-
sphere of Mars indicate a surface pressure which is several millibars
higher than the immersion results. The difference in surface pressure
may be caused by an aitiiude difference, due either to local surface fea-
tures or to departures of the mean surface from a gravitational equi-
potential surface. The temperature and apparent lapse rate were also

higher over Mare Acidalium. This is to be expected since it was summer

in the northern hemisphere during the measurement.
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III. THE UPPER ATMOSPHERE

From the immersion measurements over Electris, the preliminary
electron number density profile of Fig. 1 has been derived. The local
time was 1300 and the solar zenith angle was about 67 deg during the
measurement, The data and the computational techniques used to obtain
this profile have been published previously [Refs. 1-3, 12].

The main ionospheric layer is at an altitude of 120+ 5 km and has
a peak electron density of 9.5+ 1 X 104 cm-S. The plasma scale height
at the top side of this layer is 24 +3 km. Both the small scale height
and the low altitude of the main layer show that the atmosphere is sub-
stantially colder than previously anticipated.

There is also evidence of a minor ionospheric layer at approximately
100 km altitude. The electron number density in this layer is about
2.5 x 10% em™>,

While the accuracy of the electron density at the peak of the main
layer is of the order of 10 percent, that portion of the profile having
lower density is less accurate. In addition, nonspherical trends in the
electron density distribution cause increasing errors towards the lower
portion of the bottom side of the ionosphere.

Measurements were also made as the radio energy probed through the
midnight ionosphere above Mare Acidalium. However, the S-band frequency
is not very sensitive to the low electron number densities encountered
in this region [Refs. 4, 13], and at present we can only say that the
peak electron density on the night side was probably less than S X 103
em ©. This upper limit for the midnight density together with the peak
electron density measured on the day side, both tend to suggest a some-
what higher loss coefficient than is found in the earth's F2 region.

We will now briefly discuss some of the physical and chemical pro-
cesses thought to be important in the upper atmosphere of Mars.

Solar ultraviolet radiation shortward of about 1700 X dissociates

carbon dioxide [Refs. 14, 15]:
CO, + hv > CO + O (1)
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FIG. 1. ELECTRON NUMBER DENSITY VS ALTITUDE ABOVE ELECTRIS AT THE TIME
AND LOCATION CORRESPONDING TO IMMERSION INTO OCCULTATION (50 DEG S
LATITUDE, 177 DEG E LONGITUDE, 1300 LOCAL TIME, LATE WINTER, SOLAR
ZENITH ANGLE 67 DEG).
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Association can take place by three-body collisions:

0 +CO+M-~CO, +M : (2)

where M 1is any atom or molecule., Some of the oxygen atoms will also

associate:

0+0+M=-0,+M (3)

Molecular oxygen is again dissociated by radiation in the Schumann-Runge
continuum:

0, + hv >0 + 0 (4)
Similar equations apply for the formation and loss of ozone.

In order to determine the altitude distribution of the different
constituents, it is also necessary to consider diffusion. At ionospheric
heights, the atmosphere is so rarefied that molecular diffusion becomes
the fastest process and diffusive separation is expected to prevail.
Hence, above some altitude one may therefore expect that atomic oxygen
should become the principal constituent because it is lighter than CO,

N Ar and C02.

2’ 02’

The Martian atmosphere is exposed to various ionizing agents. While
Mars has little or no magnetic field to shield it from corpuscular radia-
tion, solar ultraviolet and X-rays still appear to be the most important
ionizing agents except, perhaps, during disturbed solar conditions
[Ref. 15].

As we discuss below, several of the preliminary models we have made

for the Martian atmosphere have O+ as the principal ion in the main iono-
spheric layer. In these models, the temperature at the top side of the

ionosphere would need to be about 80 °K to correspond with the electron

scale height of about 24 km.
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The crucial problem in determining characteristics of the upper
atmosphere, assuming that atomic oxygen is the principal constituent, is
the identification of the loss mechanism for O+ at the peak of the layer.
We will consider several possibilities for this "bottleneck" reaction.

It has been shown by Bates that the rate coefficient for radiative
recombination of O+ with electrons increases with decreasing temperature
[Ref. 10]. Nevertheless, it is not possible to explain the ion loss rate
in the Martian ionosphere on this basis because radiative recombination
proceeds too slowly by about 3 orders of magnitude. We must therefore
assume that minor constituents take part in the loss process. The most

likely possibilities appear to be:

+ + - -9 3

0+ CO, >0, +CO k, =10 ~ cm /sec (5)
+ + ~ -11 3

0 +0,>0, +0 k, =10 cm” [sec (6)
+ + ~ -12 3 )
0 + N, > N0 + N ky =10 cm” /sec (7)

At 120 km altitude, the charge of molecular ions is lost quite
rapidly through dissociative recombination with electrons (O;_+ e »0+0
and NO+ +e—>N+0).

Reaction 5, brought to our attention by C. G. Little and E. E,.
Ferguson, should be considered because of the preponderance of CO2 in
the lower atmosphere of Mars. By analogy with the earth's ionosphere,
one may also expect that the two last reactions could play a role in the
loss of 0 [Ref. 10].

In models where the principal ion is 0+ and any one of the above
reactions is the predominant loss process, the electron density profile
would take on the form of a Bradbury (F2) layer. Thus with these models
for the upper atmosphere of Mars, the electron production peak is below
the electron density peak, and the profile on the top side of the layer

is controlled by ambipolar diffusion. From the theory for such a layer
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[Ref. 16], it is possible to determine the number density of atomic

oxygen at the altitude (120 km) of the maximum of the electron density,

as indicated below.

+
Balancing production and loss of O at the peak of the layer yields:

where

B =

S, 1, n(0) = n(0") B
A

the ionization cross section of atomic oxygen
different wavelengths

the intensity of the ionizing flux

= 10  sec 1 [Ref. 10]

the atomic oxygen number density

the number density of atomic oxygen ions

the loss coefficient for atomic oxygen iomns.

If we also equate diffusion time (HZ/D) and loss time (1/8)

peak of the layer we obtain:

B = D/H2

(8)

for

at the

where the diffusion coefficient (D) is related to the temperature (T)

and density [n(0)]

D = by/T/n(0)

17 -1 -1

where b 1is a constant, approximately equal to 10 cm sec

[Ref. 16].

(10)

o~ 1/2
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Eliminating f and solving Eq. (8) for n(O) gives:

n(0+) bvﬁ;_ (11)

i 2 o Ia
A

n(O) =

Equating n(0+) to the measured peak electron density, and using
the temperature (80 °K) and neutral scale height (12 km) derived from
the profile measurements, we calculate an atomic oxygen number density
of approximately 109 cm-3 at 120 km altitude. This oxygen density is
independent of which of the reactions (5), (6) or (7) is the predominant

. +
loss mechanism for O .
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1v. THE ATOMIC OXYGEN - CARBON DIOXIDE MODEL FOR THE UPPER ATMOSPHERE

At this time, the most promising atmospheric model appears to be
one in which reaction (5) is the dominant loss mechanism in the main
ionospheric layer [Ref. 4].

The loss coefficient for this reaction is given by:

B = k. n(CO

1 (12)

2)
Utilizing Eqs. (8) and (12), we obtain an expression for the CO,, number

density required to balance production of O+ with the loss given by

reaction (5):

n(0) Z o) T
A

- 3
ky n(o™) (12)

n(COz)

From laboratory measurements, the rate coefficient k1 has been found
-9 3
to be approximately 10 = cm /sec at 300 °K [Ref. 17]. Thus, assuming

6
this value for kl’ there would be only about 10 CO_, molecules per

2
cubic centimeter at 120 km for the atomic oxygen - carbon dioxide model
of the upper atmosphere,

The number density profiles, the temperature profile, and the pres-
sure profile for this model are shown in Figs. 2, 3, and 4, respectively.

Below 30 km altitude, the CO2 number density, n(CO ), was calculated

2
from the refractivity measured in the lower atmosphere. At ionospheric
heights, n(0) and n(COz) were determined from the observed electron
density profile together with ion production and loss considerations as
outlined above.

The 002 number density profile at ionospheric heights, when calcu-
lated in this manner, is inversely proportional to the rate coefficient
k.. It should be kept in mind that k1 was measured at 300 °K rather

1
than at 80 °K, and that the temperature dependence is not well known.
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FIG. 2, NUMBER DENSITY VS ALTITUDE ABOVE ELECTRIS AT THE TIME OF
IMMERSION INTO OCCULTATION. The limiting ion loss process in
the main ionospheric layer is assumed to be 0% + COy - CO + Og
with a rate coefficient of 1079 cm3/sec.
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FIG. 3. TEMPERATURE VS ALTITUDE ABQVE ELECTRTS AT THE TIME OF IMMERSION
INTO OCCULTATION. The limiting ion loss process in the main iono-
spheric layer is assumed to be Ot + CO2 - CO + 05‘ with a rate coef-
ficient of 10-9 cm3/sec.
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Decreasing (or increasing) k1 by one order of magnitude has the effect
of increasing (or decreasing) n(COz) in the upper atmosphere of Mars
by a factor of 10. However, this would not change our identification of
(5) as the most likely "bottleneck" reaction, particularly if the other
rate coefficients have a similar temperature dependence.

For the model shown in Fig. 2, the dissociation region lies between
70 and 80 km altitude. The carbon dioxide dissociation is largest at
unity optical depth. Thus, the height of this region depends on the
n(COz) profile and reducing kl tends to increase the dissociation
height and vice versa. It should also be pointed out that a complete
solution for the number density distribution in the dissociation region
would have to account for 02, Egs. (3) and (4), although this would have
little effect at higher altitudes.

The number density profiles shown in Fig. 2 were derived assuming
that 002 is in diffusive equilibrium. This approach is justified in
Fig, 5, where it is shown that for this model the diffusion time constant
at all heights is smaller than the time constants for loss of COZ'

The full drawn curve in Fig. 3 shows a model for the temperature
profile above Electris at the time of occultation immersion. Two cri-
teria were used in order to construct a reasonable temperature profile
below 30 km altitude:

1. The number density profile should have the observed scale height
of about 9 km in this region.
2. Very low temperatures are needed between 30 and 100 km altitude
in order to provide the low densities at ionospheric heights.
In the ionosphere, the temperature was found from the electron scale
height under the assumption that the electrons and icns are in tempera-
ture equilibrium with the neutral constituents.

The atmospheric region between 30 and 100 km altitude is not well
known since there is neither enough neutral molecules nor electrons at
these heights to affect the radio-phase path measurably. Heat flows
into this region by conduction from the thermosphere (about 100 to 140
km) and the lower atmosphere. In addition, there is heating due to

absorption of solar ultraviolet and X-rays. At the temperature minimum
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FIG, 5. TIME CONSTANTS VS ALTITUDE FOR DIFFERENT PROCESSES
INVOLVING CO5. The figure applies to the carbon dioxide -
atomic oxygen model discussed in the text.
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(or minima) which is expected to lie between 50 and 100 km altitude, the
heat can only be removed by radiation. Carbon monoxide, atomic oxygen,
and carbon dioxide are all important infrared radiators in this region.

The actual temperature profile between 30 and 100 km altitude can
at this time only be obtained by inference. We know, for instance, that
the integral of T-1 from the surface to the top side of the ionosphere
is uniquely determined by the surface and ionospheric densities and
temperatures. With the value for k1 adopted here, the 002 number
density must decrease by 11 orders of magnitude from the surface to 120
km altitude, which indicates that the scale height and temperature at
intermediate levels of the atmosphere are substantially lower than the
values obtained near the surface. This result is further substantiated
by the ionospheric electron density profile, where the sharp gradients
on the bottom side suggest a temperature even lower than the 80 °K found
for regions above the peak.

The minimum temperature at which all CO_, would remain a gas, under

stationary conditions, is also indicated in iig. 3. Carbon dioxide may
be supercooled in a broad region around 80 km altitude. If there are
suitable sublimation nuclei present, one would expect formation of dry
ice particles. This mechanism has been suggested as a source of particle
layers in the Martian atmosphere [Ref. 14].

Let us consider briefly the effect on the number density and the
temperature profiles if CO2 does sublimate. This can be done in a sim-
plified manner by changing the temperature and the number density in
such a way that the pressure profile for the CO2 gas remains the same.

By increasing the temperature until the gas is just saturated and re-
moving the excess CO2 gas molecules by permitting them to produce par-
ticles, then one obtains the stippled temperature and number density
profiles shown in Figs. 3 and 2 respectively. An intermediate situation
is also indicated by the dotted temperature curve in Fig, 3. For this
case, the 002 gas is allowed to remain supercooled around 100 km altitude
where collisions occur less frequently, sublimation nuclei may be rare,
and the diffusion time is shorter. To what extent the CO_ gas actually

2
sublimates depends on the characteristic time constant for this process.
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Because of lack of pertinent data, this time constant has not been in-
cluded in Fig. 5.

We have also considered the case that carbon dioxide neither is
supercooled nor forms particles. For this case, we find that the reac-
tion rate coefficient k1 would have to be about two orders of magni-
tude smaller than given above in order to be consistent with the peak
electron number density obtained from the occultation measurements.

Although more work remains to be done, it appears that the low tem-
perature obtained from the occultation data are consistent with the con-
clusion that 002 predominates at ground level. This is because CO, O,
and CO2 are more effective in radiatively cooling the atmosphere, partic-
ularly near the dissociation region, [Refs. 15, 18, and 19] than is Nz,
which was previously believed to be the main constituent. It should
also be noted that the solar irradiance at Electris was nearly one order
of magnitude lower than the solar constant at the earth at this time of
sunspot minimum, which explains the low temperature gradients in the
thermosphere above Electris.

The electron number density profile shown in Fig. 1 indicates a minor
layer at approximately 100 km, The neutral density in this region is
too low for it to be like the terrestrial E layer. However, this region
coincides quite closely with the level where the maximum O+ production
by solar ultraviolet (200—800 R) occurs, so that it should be identified
as an Fl1 1layer. While O+ production is maximum here, 0; [formed
by reaction (5)] may actually be the principal ion since its lifetime

is greater than 0+ below about 115 km,
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V. OTHER MODELS FOR THE UPPER ATMOSPHERE

Reaction (6) is another possibility for the O+ "bottleneck" reaction
at the peak of the main layer. TFor a rate coefficient of about 10-11
cm3/sec, one finds that there would have to be of the order of 108 oxygen
molecules per cm3 at 120 km in order to account for the ion loss rate.

Ten percent O_ appears to be too high an abundance to be acceptable,

2
based on our preliminary studies. Also the spectroscopic observations

indicate that there is less than 0.1 percent O_ in the lower atmosphere

2

of Mars [Ref. 8]. However, the O, distribution in the Martian atmosphere
is complicated by the fact that atomic oxygen, produced by the photo-

dissociation of carbon dioxide, associates to form O Thus molecular

o
oxygen might still be of some importance for the loss of O+, at least
in the lower portion of the ionosphere.

If reaction (7) is assumed to be the principal loss process in the
main layer, one finds that there would have to be of the order of 109 N2
molecules/cm3 at 120 km altitude., Using this figure, together with the
number density and temperature profiles shown in Figs. 2 and 3, we find
an N2 profile which remains higher than the CO2 profile all the way down
to where mixing dominates over diffusion. By analogy with the earth's
atmosphere this transition is expected to take place at a total number
density level of about 3 X 1012 molecules/cms. However, since CO2 is
the principal constituent in the lower atmosphere of Mars, we conclude
that reaction (5) is much more likely than reaction (7) for the loss of
O'f'

Another approach one might take in designing atmospheric models for
Mars is to assume that the atomic oxygen formed through photodissociation
of CO2 and O2 (and also through dissociative recombination of CO'+, CO+
and 02' with electrons) is being lost. If this for instance could take
place to such an extent that CO+ or co;' became the principal ion, then
the main ionospheric layer would be of a Chapman type. The temperature
on the top side, corresponding to a molecular mass of 28 or 44, would be

140 and 220 °K, respectively.
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However, we have not found any plausible mechanism which would re-
move atomic oxygen to the extent that n(0) would remain lower than
n(COz) or n(CO) all the way up to the exosphere. Thermal escape of
O would, for instance, require exospheric temperatures in excess of
1000 °K [Ref. 14]. We have also considered the possibility that solar
protons might sweep away atomic oxygen in the exosphere of Mars, but
find that collisions do not occur frequently enough to carry away what
can be supplied through upwards diffusion. It therefore appears that
we are left with atomic oxygen as the most probable principal constituent

in the upper atmosphere of Mars.
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VI. ATMOSPHERIC MASS DENSITY

Figure 6 illustrates how the atmospheric mass density varies with
altitude for any of the oxygen models (Bradbury ionosphere) where reac-
tion (5), (6), or (7) is the controlling loss mechanism. The mass density
at 120 km altitude would be of the order of 3 X 10-14 g/cm3 for these
models. However, the mass density could be a factor of 30 higher at this
altitude if the main layer were a Chapman layer. This difference in in-
terpretation results in the uncertainty indicated at 120 km altitude in
Fig. 6. Even so, the density must still be lower than would follow from
extrapolation utilizing the new surface values, and very substantially
lower than was previously contemplated.

Since gravity is about 62 percent lower on Mars, it was thought that
the atmospheric mass density would decrease much slower with altitude than
on the earth. Thus, nearly independent of the atmospheric pressure assumed
near the surface, it was proposed that above 30 to 50 km altitude the dens-
ity would become larger than the density at the same altitudes in the
earth's atmosphere. However, the occultation data analysis reveals quite
a different state of affairs. The low temperatures in the upper and lower
atmosphere, together with the larger molecular mass, compensate for the
lower gravity in controlling the scale height. Hence, the mass density
profile does not cross over the corresponding profile for the earth's
atmosphere but remains several orders of magnitude lower all the way up
to the exosphere which begins at about 140 km (Bradbury layer) or 180 km
(Chapman layer), where the mean-free-path equals t}

The question of how the mass density varies with altitude in the
Martian atmosphere has also some practical implications. In order to
place a satellite in orbit around Mars, it is important to know how the
atmospheric density varies with height. Most previous models required
an orbit altitude of up to several thousand kilometers for a satellite
with a lifetime of 50 years, but the occultation measurements show that

a few hundred kilometers should be sufficient.
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TIME OF IMMERSION INTO OCCULTATION. The NASA engineering model
shown here was used for planning purposes prior to the Mariner IV
mission,
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VII. CONCLUDING REMARKS

The principal difficulty in attempting to identify the critically
important ion loss process in the main ionospheric layer of Mars is the
uncertainty in reaction rate coefficients, particularly with respect to
their temperature dependence. Based on present information, we believe
that the atmospheric model presented in the figures [the atomic oxygen -
carbon dioxide model of the upper atmosphere, based on Eq. (5)] is more
likely than the other possibilities that were considered, although re-
visions may be necessary when more information on temperature dependence
becomes available. This favored model requires only CO2 near the surface,
and thus we neither need any minor constituents to understand the atmo-
spheric processes, nor can we use the occultation results to identify
minor constituents, Other considerations indicate that N2 and Ar may be
present [Refs. 6-9] but as discussed previously, 002 must be the prin-
cipal atmospheric constituent.

F. S. Johnson [Ref. 5] has also derived an atmospheric model based
on the ionospheric occultation results of Mariner IV. From a comparison,
however, it appears that there are several important differences in
treatment and conclusions from those of Fjeldbo et al [Ref. 4] and the
work reported here. Johnson does not discuss which reactions are respon-
sible for the loss of o* in the main layer. If the measurement by
Fehsenfeld et al [Ref. 17] of the rate coefficient for reaction (5)
applies, Johnson's atmospheric model is not compatible with the measured
ionospheric profile. Numericaily, his model would yield an O+ density
nearly three orders of magnitude lower than the electron density mea-
sured at 120 km, and his F2 peak would be at 140 km instead of at 120 km.

Johnson's conclusion that there is no thermosphere on Mars also dif-
fers from our work, which suggests a positive temperature gradient below
the peak of the ionosphere to help transport heat downward to regions
where it may be radiated more efficiently. Also, we do not agree that
his lapse rate of 5 °K/km in the troposphere over Electris is compatible
with the experimental results or with what would be expected from radia-

tive exchange theory for a carbon dioxide atmosphere at this latitude and
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season. However, his work agrees with ours in the fundamental points
concerning the preponderance of atomic oxygen in the upper atmosphere
and the conclusion that the main ionospheric layer is of the Bradbury
(FZ) type. Johnson has also made important contributions with regard
to the geologic history of the Martian atmosphere, a subject which is

not treated here.
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